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ABSTRACT
The light emission enhancement behavior from single ZnO nanowires integrated with metallic contacts is 
investigated by micro-photoluminescence measurements. Apart from surface plasmon polaritons at the air/
metal interface, the emission of a single ZnO nanowire can be coupled into guided modes of surface exciton-
plasmon polaritons (SEPPs). The out-coupling avenues of SEPP guided modes are modeled in the presence of 
nanostructures, such as corrugation and gratings, on the metal surface. The guided modes of SEPPs in metal-
contacted ZnO nanowires are calculated using the effective index method. The enhanced light emission from 
single semiconductor nanowires shows promise for use in highly effi cient nano-emitters and nano-lasers, as 
well as macroscopic solid state light sources with very high effi ciency. 
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Electromagnetic (EM) energy can be confined and 
guided at interfaces by virtue of surface polaritons, 
where light-matter interactions take place. Such 
bounded waves decay away from the interface into 
both media and also propagate along the interface 
with very large wave vectors compared with those 
in free space. The resonant interactions between 
the surface charge oscillations and the EM field of 
the electromagnetic waves constitute the surface 
plasmon polaritons (SPPs), which underlie a variety 
of fascinating phenomena, such as surface enhanced 
Raman scattering [1], extraordinary transmission 
of light through subwavelength holes in metal 
fi lms [2], and superlens effects with sub-diffraction-
limited resolution [3]. The properties of SPPs can be 
tailored by introducing periodic nanostructures at the 
interface, which provide possibilities for new types 
of photonic devices. As a new branch of photonics, 
plasmonics based on SPPs is being explored for 
its potential applications in diverse fields, such as 
subwavelength optics, data storage, light generation, 
solar cells, microscopy, and bio-photonics [4]. 
New generation solid state light emitters such 
as light-emitting diodes (LEDs) are expected to 
48 Nano Res (2009) 2: 47 53
Nano Research
(VLS) method [13] and then dispersed on a quartz 
substrate. Single ZnO nanowires were partially 
coated by 40 nm thick Ag fi lm patches using electron 
beam lithography (EBL) and magnetron sputtering. 
The light emission from a ZnO nanowire was 
investigated using micro-photoluminescence (μ-PL) 
spectroscopy at room temperature. A He Cd laser 
at 325 nm with a spot diameter ~2 μm was focused 
onto the single ZnO nanowire from the other side of 
the substrate during μ-PL measurements, as shown 
in Fig. 1(a). For comparison, the experiment was 
repeated for the same single ZnO nanowire with, and 
without, Ag contact. Scanning electron microscopy 
(SEM) shows that the single ZnO nanowire is 
uniform along its axis with a rectangular cross section 
(shown in Fig. 1(b)). Atomic force microscopy (AFM) 
confi rms a square cross section, whose length of side 
is about 106 nm. Transmission electron microscopy 
(TEM) analysis shows that the ZnO nanowire did not 
grow exactly along the c-axis, but at a certain angle, 
which is in accordance with the non-hexangular cross 
section of the single ZnO nanowire. 
Figures 1(c) and 1(d) show the μ-PL spectra of the 
single ZnO nanowires which have two characteristic 
replace traditional light sources, which suffer from 
their limited light emission efficiency. For example, 
only about 2% of the light in a conventional LED 
can be extracted from a narrow cone ~18° normal to 
the surface. Several techniques, including resonant 
cavities [5], photonic crystal structures [6], and SPPs 
[7 10], have been developed to enhance both the 
internal quantum efficiency and the light extraction 
effi ciency. 
On the other hand, as nano-emitters, nanowires 
tend to generate polarized light, which may have 
a wider range of applications. For example, the 
effi ciency of a nanowire-based laser can be increased 
and the threshold current intensity can be decreased 
due to polarization. If the nanowires are aligned 
parallel on a chip, polarized LEDs and planar 
displayers can be developed. Photodetection based 
on single InP nanowires with highly polarized 
photoluminescence (PL) [11] and electrically driven 
LEDs/laser diodes based on single CdS nanowires [12] 
have been demonstrated. If highly effi cient nanowire 
light-emitters can be realized, devices based on 
nanowires would be more promising. Effective 
emission enhancement for a single semiconductor 
nanowire is a prerequisite for 
future light-emitting devices. 
In this paper, we address this 
issue by means of integrating 
single ZnO nanowires with 
metallic contacts. In this 
case, the exciton emission 
in ZnO nanowires in the 
ultraviolet region will couple 
strongly with the surface 
charge oscillation in the 
metal, resulting in guided 
modes of a novel surface 
polari ton.  Two kinds of 
nanostructures, roughness 
and gratings on a metal 
surface, are demonstrated 
to effectively out-couple the 
resultant surface polaritons. 
The monocrystalline ZnO 
nanowires were synthesized 
by the vapor liquid solid 
Figure 1    (a) Schematic configuration for µ-PL measurements; (b) SEM image of a single ZnO 
nanowire. Room temperature µ-PL spectra in (c) ultraviolet and (d) green regions taken from a single 
ZnO nanowire without (black solid line) and with (red dotted line) Ag contact
（a） （b）
（c） （d）
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emission peaks in the ultraviolet (~378 nm) and green 
(~530 nm) regions. The green emission is usually 
attributed to impurities in ZnO nanowires, which is 
more intense than that of the exciton emission for our 
sample. The emission intensities with Ag contacts 
are higher than those without Ag contacts under the 
same excitation conditions. The enhancement ratio 
of peak intensities with/without Ag contacts is ~6 for 
the ultraviolet (Fig. 1(c)) and ~3 for the green (Fig. 
1(d)) emission bands. 
The enhancement can be improved by optimi-
zation of the structure based on the nanowires. In 
the case of SPP-mediated emission, a photon emitted 
from the active source can transfer into an SPP mode 
instead of into free space. If band gap structures of 
SPPs are introduced via photonic crystal structures, 
the density of states (DOS) of SPPs can be increased 
considerably at the band edges [14]. In addition, 
when periodic nanostructures are introduced, the 
out-coupling of SPPs is expected to be more effective 
than the case of introducing metal surface roughness. 
Here, instead of Ag (if Ag is used, the period will be 
too small), one-dimensional (1-D) Al gratings were 
integrated with a single ZnO nanowire (shown in 
Fig. 2(a)), where 25 nm thick 1-D Al gratings with 
a periodicity ~500 nm were coated on a silicon 
substrate fabricated using EBL and magnetron 
sputtering. A single ZnO nanowire with length 
~17 μm and transverse dimension twice that of the 
previous one was dispersed onto the 1-D Al gratings. 
Figure 2(b) shows the μ-PL spectra in the ultraviolet 
region collected from the ZnO nanowire with and 
without the 1-D Al gratings. The enhancement ratio 
of the μ-PL peak heights with/without the metal 
is ~17 while that of the integrated peak intensity 
reaches 21, with a red-shift of ~7 nm. 
A possible mechanism for the out-coupling 
process of the emission is shown in Fig. 3. Apart 
from directly radiating photons into free space 
from the nanowire, as for the case of a single 
ZnO nanowire without metallic contact, there 
are several other radiation pathways for a ZnO 
nanowire with metallic contact. Arrows 1 and 
2 denote the processes in which the emission is 
first coupled into SPPs at the air/metal interface 
and the resulting SPPs are out-coupled by the 
（a）
（b）
Figure 2    (a) Schematic confi guration for µ-PL measurements; (b) 
room temperature µ-PL ultraviolet spectra of a single ZnO nanowire 
without (black solid line) and with (red dotted line) Al gratings
Figure 3    Schematic of the out-coupling mechanism of SEPPs at the 
metal/ZnO nanowire interface and SPPs at the surrounding metal/
dielectric interface. The blue arrows represent the surface bound 
nonradiative modes while the red striped arrows the radiative modes 
out-coupled by the nanostructures on the metal surface. The dashed 
arrow along the axis of the ZnO nanowire denotes the non-SEPP 
modes in the ZnO nanowire waveguide
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nanostructures, such as roughness or gratings on 
the metal surface. On the other hand, the resonant 
interaction between the surface charge oscillations 
in the metal and the EM field of the exciton-
polaritons in the ZnO nanowire plays an important 
role in the luminescence in the ultraviolet region. 
We denote the quantum of the coupled wave fi eld 
as a surface exciton-plasmon polariton (SEPP). 
The emission can also be converted into guided 
modes of SEPPs in a ZnO nanowire, which can 
be converted to leaky modes and other non-SEPP 
modes of a waveguide, out-coupled as shown in 
processes 3 and 4. More details will be explained 
below. 
By virtue of the small size, a large portion of the 
evanescent field of the emitted light is outside a 
single ZnO nanowire. Thus, the emission from the 
nanowire will be coupled laterally into the SPPs of 
surrounding metal/dielectric interfaces, and can be 
reemitted via the out-coupling of the SPPs owing to 
the roughness or gratings on the metal surfaces. The 
inset of Fig. 4(a) shows the roughness of Ag surface 
as observed by SEM (grain size ~40 nm). Figure 4(a) 
shows the dispersion relation of SPPs at the air/Ag/
SiO2 interfaces with 40 nm thick Ag, which is mapped 
by transmissivity according to Fresnel’s equations 
[15]. In our calculations, the dielectric functions of 
Ag, Al, ZnO, SiO2, and Si are taken from experimental 
data [16, 17], and the material loss is neglected. There 
exist two branches of the SPPs. The upper branch is 
mainly for the air/Ag interface, while the lower one 
is mainly for the Ag/SiO2 interface. The two branches 
of SPPs are coupled as a result of the fi nite thickness 
of Ag. The SPP resonant wavelength (corresponding 
Figure 4    The dispersion relation of the SPPs at the (a) air/Ag/SiO2 and (b) air/Al/Si interfaces with 40 nm thick Ag and 25 nm 
thick Al, respectively. The dashed horizontal line in (a) represents the position of the SPP resonant wavelength for the Ag/SiO2 
interface. An SEM image of the surface morphology of the Ag fi lm is shown as an inset in (a). The top arrow in (b) denotes an 
out-coupling process of SPPs from the air/Al interface to the collection cone of the objective. The SEPP-related fundamental 
guided modes of (c) a Ag-contacted single ZnO nanowire (inset) with side length of 106 nm and (d) an Al-contacted single 
ZnO nanowire (inset) with side length of 216 nm as calculated by the effective index method
（c） （d）
（a） （b）
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to the largest SPP-DOS) of the lower branch is about 
360 nm and, therefore, the SPP coupling will be more 
effective at wavelengths closer to 360 nm. The larger 
SPP-DOS near the resonant wavelength and the very 
large wave vectors afforded by roughness sustain the 
larger enhancement ratio for the ultraviolet band than 
that for the green band, as shown in Figs. 1(c) and 
1(d), even though the green emission is more intense 
than the ultraviolet emission. Figure 4(b) shows the 
SPP dispersion relationship of the air/Al/Si interfaces 
with 25 nm thick Al. The left branch corresponds 
mainly to the air/Al interface and the right branch to 
the Al/Si interface, and they are coupled with each 
other. It can be seen that the left branch is very close 
to the light path in air, so that the SPPs are prone to 
radiate into the collection objective in response to the 
momentum conservation: (2π/λ) sin(  m) = Re{kSPP(λ)}+ 
mG0. Here m is the angle of emission, m is an integer 
and G0 = 2π/ , where  is the grating period. Due to 
the momentum conservation, the above-observed 
enhancement in PL emission results mainly from the 
1-D Al nanogratings. 
Taking into account the three-dimensional nature 
of the system, we calculate the dispersion relation 
using the effective index method [18], which has an 
accuracy within 1% when dealing with fundamental 
modes [19]. The guided modes related to SEPPs 
are transverse magnetic (TM)-like modes. The 
fundamental TM-like modes of the single ZnO 
nanowire with the configuration of Fig. 1(a) are 
mapped in Fig. 4(c). The TM modes in the multilayer 
structures air/Ag/ZnO/SiO2 and air/Ag/SiO2 were fi rst 
calculated. To be consistent with our experimental 
configuration, the effective indices of SEPP modes 
guided along the Ag/ZnO/SiO2 interface and SPP 
modes at the Ag/SiO2 interface are used for the 
inner and outer layers of the waveguide structure, 
shown as an inset in Fig. 4(c). From Fig. 4(c), the 
peak position in the ultraviolet is beyond the SEPP 
resonant wavelength, and only the lowest order SEPP 
mode acts on the emission enhancement at 530 nm. 
It should be noted that material loss can be involved 
in the emission enhancement of ZnO nanowires by 
means of quasi-bound modes and radiative modes 
(group velocity g < 0) [20] with large DOS above the 
SEPP resonant wavelength. 
The effective index method is also employed 
to calculate the guided modes of SEPPs along the 
axis of a ZnO nanowire with a similar structure to 
that shown in Fig. 2(a), where the 25 nm thick 1-D 
Al grating is replaced by a 25 nm thick Al fi lm. The 
main TM-like modes of the single ZnO nanowire 
are mapped in Fig. 4(d). The TM modes for the 
multilayer structures air/ZnO/Al/Si and air/Al/Si 
were first calculated. The effective indices of the 
SEPP modes guided along ZnO/Al and SPP modes 
at air/Al interfaces are used for the inner and outer 
layers of the waveguide structure, respectively, 
as shown in the inset in Fig. 4(d), which is in 
accordance with our experimental configuration. 
The drastic change in dispersion of SEPP modes 
reflects the strong coupling between the photon 
and exciton in the ZnO nanowire. Compared 
to that of ZnO and air, the dispersion curves of 
the guided modes of SEPPs possess larger DOS, 
especially in the ultraviolet spectral  region, 
leading to a high emission rate into the SEPP modes, 
determined by Fermi’s golden rule. The waveguide 
modes can propagate several times along the axis of 
the ZnO nanowire. The larger the excitation density, 
the longer the waveguide modes propagate, and thus 
the more out-coupling the processes shown in Fig. 3. 
The red-shift effect in Fig. 2(b) can be understood 
when considering the propagation of guided 
modes and the reabsorption/reemission process 
of  exciton emission.  In addit ion, the Franz
Keldysh effect [21] will also contribute to the red
shift in the manner of the strong electric field of 
SEPPs on a ZnO/metal surface. The ZnO nanowire 
is expected to be pumped and generate gain, even 
before the threshold for lasing, with increasing 
excitation density. Hence, the waveguide effect in 
ZnO nanowires is substantial for highly efficient 
light-emitting devices. 
The above SEPP/SPP-mediated emission scheme 
can be extended to other semiconductor nanowires. 
The emission enhancement originates from the 
competitive spontaneous emission conversion 
between the SEPP/SPP modes and the radiative/non-
radiative photon modes. A large SEPP/SPP-DOS, 
arising from the well-designed dispersion relation 
of SEPPs/SPPs, will result in a high spontaneous 
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emission rate into the SEPP/SPP modes, which can be 
effectively extracted via micro/nanostructures. The 
SEPP/SPP-enhanced light emission becomes facile 
in electroluminescence devices, because the metal 
contact can bear SEPPs/SPPs, as well as electrical 
currents. The SEPPs also harbor great promise for 
appreciable lower lasing thresholds of a single 
nanowire. Our results shed light on the fabrication 
of highly efficient nano-emitters and nano-lasers, 
pivotal components in photonic circuits at nanoscale 
dimensions. 
Methods
The ZnO nanowires were synthesized by the 
traditional VLS method [13]. A mixture of ZnO 
powder and graphite with a molar ratio 1:1 was 
placed in a ceramic boat, which lay in the center of 
a horizontal tube furnace. The whole system was 
heated to 1050 °C in 35 min under a constant fl ow of 
200 standard cubic centimeters per minute (sccm) Ar 
and then kept at 1050 °C for 30 min under a constant 
flow of a mixture of 200 sccm Ar and 2. 6 sccm O2 
under atmospheric pressure. The furnace was cooled 
to room temperature naturally under Ar flow. The 
ZnO nanowires were collected on a 2 nm thick Au-
coated silicon (111) substrate, 2 cm downstream of 
the gas fl ow to the source. The crystal structure of the 
ZnO nanowires was determined by high-resolution 
TEM. 
All metallic structures, including markers, 
patches, and gratings, were fabricated by EBL. 
Polymethylmethacrylate (PMMA) was diluted in 
anisole (4 wt%) and used as a positive resist for EBL. 
The ZnO nanowires were suspended in ethanol 
and well spread on a fused quartz substrate with 
Ag markers, by which individual nanowires were 
located. The single ZnO nanowires were partially 
coated by 40 nm thick Ag film patches by EBL, 
development of the resist, magnetron sputtering, 
and lift-off procedures. 25 nm thick Al gratings 
with the periodicity of 500 nm were fabricated by 
EBL on the silicon substrate before ZnO nanowires 
were dispersed onto it. The size and morphology 
of the ZnO nanowires and metallic structures were 
investigated by SEM and AFM. 
μ-PL measurements were performed by using a 
Renishaw inVia Raman microscope. The excitation 
wavelength was 325 nm with a He-Cd laser, which 
was focused onto the single ZnO nanowire with a 
spot diameter ~2 μm, using an optical microscope 
objective (40×magnification, NA 0. 5). During μ-PL 
measurements, the excitation densities were ~150 
kW/cm2 for Ag-contacted samples and ~15 kW/cm2 
for Al-contacted samples. 
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